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Chapter 1 
General Introduction 
1.1 Background Study 
Plasma is a partially or fully ionized gas consisting of electrons, free 
radicals, ions and neutrons [1]. Plasma are generated by supplying energy to 
a neutral gas causing the formation of charge carriers [2] . Traditionally, 
plasma chemical systems are categorized in two major types: thermal and 
non-thermal plasma, in terms of electronic density or temperature [3]. 
Thermal plasma is associated with sufficient energy and temperature at 
high operating pressure to allow plasma constituents to be in thermal 
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equilibrium. This type of plasma is found, for example, in plasma arcs and 
radio frequency inductively coupled plasma discharges. Non-thermal plasma 
is characterized by lower pressures, less power use and operating at 
effectively low temperature. Glow, radio frequency and microwave plasma 
are found in non ·thermal plasma. 
Plasma is generally generated within a gas. However, the application 
of strong electric fields in liquid has been studied for many years due to its 
importance in electrical transmission processes and its practical applications 
in biology, chemistry and electrochemistry [4]. Recently, much attention has 
been given to liquid-phase electrical discharges for wastewater treatment 
and carbon nanotubes as well as for environmentally benign chemical 
processes. 
Electrical discharge observed in liquids are initiated in the gas 
phase-in bubbles that are either formed due to local heating ofliquid or other 
mechanism [5] or are directly injected into liquid [6]. Based on the plasma 
distribution, electrical discharges above liquid surface, direct electrical liquid 
discharges and discharges in bubbles/vapor in liquids are the three main 
groups of electrical discharges with liquid [4]. 
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Non thermal atmospheric pressure plasma in liquid has been 
extensively investigated due to their low temperature properties, 
controllability of various agents such as radicals, ions, UV and electric field 
and offers high selectivity and energy efficiency in plasma reactions [7], [8]. 
Therefore, plasma discharges in liquid have been received a lot of attention 
in various fields. Synthesis of artificial diamond [9], carbon nanotube [10], 
nanoparticle [11], water treatment [12], medical application [13] and surface 
modification [14] are those applications that have been widely investigated. 
In addition plasma discharge for renewable energy is an emerging field 
leading for sustainable future development [15]. 
Plasma in-liquid is generated by applying direct voltage or high 
frequency voltage to a submerged electrode [16]. Plasma in liquid generation 
is depended on the electrode configuration and power sources. Nomura et al. 
have demonstrated the ignition of stable plasma in a liquid hydrocarbon 
exposed to a combination of ultrasonic waves and microwave radiation [17]. 
Plasma is generated inside bubbles or around the bubble boundary in the 
liquid [18]. The temperature of plasma in water is estimated to be 4000 -
4500 K [19]. Moreover, the formation of OH and H radicals via dissociation, 
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ionization and vibrational/rotational excitation of water by electrical 
discharge leads to the plasma oxidation [20]. 
1.2 Problem Statement 
It is widely acknowledged that dependence on fossil fuels as the main 
energy source led to global energy crisis and environmental problems, that is 
fossil fuels depletion and pollutant emission [21] . Some researchers predict 
that the global consumption of energy will triple in the next thirty years [22]. 
The impact to the environment will be significant if fossil fuels still be used 
as the main energy at high rates. Fig. 1.1 presents world's primary energy 
supply and the resulting carbon dioxide (C02) emission shares by energy 
source. 
Fossil fuels deposits are limited, either physically or economically. 
Thus, it is considered that fossil fuels are finite and non-renewable natural 
resources. Fossil fuels are created over millions of year correspondently due 
to the accumulation and transformation of organic debris in a specialized 
environment deposition. As originating from simple fact that fossil fuels take 
millions of years to accumulate, it is impossible for the rate of creation to 
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keep up with the rapid rate of extraction. Generally, if the rate of extraction 
is faster than rate of replenishment the resource will ultimately be depleted 
[23]. 
Hydro 
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Natural 
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Fig. 1.1 World's total primary energy source (a) and C02 emissions by energy 
source (b) in 2010 [24] 
Fossil fuels will remain as the backbone of the world's energy supply. 
Furthermore, global dependence on fossil energy will result about an 
associated problem, namely associated emissions. Approximately 70% of all 
anthropogenic greenhouse gas (GHG) emissions derive from the energy 
sector as shown in Fig. 1.2 [25]. Combustion of fossil fuels plays as the key 
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factor to the build-up of C02 in the atmosphere and hence, contributes to the 
greenhouse effect, likely increase in global average temperature [26] . The 
concentration of C02 in the atmosphere has increased from approximately 
277 parts per million (ppm) in 1750 to 395.31 ppm in 2013 [27]. 
3% 
CH4-Agriculture 
7% 
C02-0ther 
14% 
N20-0ther 
Fig. 1.2 Global anthropogenic GHG emissions by type and source [25] 
Biomass lS an organic that lS derived from plants or animals 
available on a renewable basis and it is decomposable. Wood and agricultural 
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crops, herbaceous and woody energy crops, municipal organic wastes as well 
as manure are classified as biomass. Biomass is abundance in the universe 
and woody biomass was estimated to satisfy 18% of world primary energy 
consumption in 2050 [28]. Energy extracted from biomass and waste is seen 
as one of the dominant alternative renewable energy source due to the 
guaranteed power generation from the sources, unlike other types of 
renewable energy such as solar energy and wind energy[29]. In 2010, woody 
biomass stated roughly 9% of world primary energy consumption and 65% of 
world renewable primary energy consumption [28]. 
Thus, a drastic movement to more secure, clean and diversified 
alternative energy source could be a successful strategy to reduce and 
eliminate GHG em1ss10ns and meet the future sustainable energy needs. 
Compared to other alternatives, hydrogen is the lightest, simplest and most 
plentiful of all chemical elements in the universe as it can be generated from 
clean and green sources. Even though it is not a primary source, hydrogen 
becomes an attractive energy carrier when split from other elements by 
using a source of energy. Hydrogen is carbon free and hence environmentally 
friendly since its combustion only produces water as byproduct (30]. In 
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addition, hydrogen has high energy content per mass compared to fossil fuels 
(Table 1.1). 
Table 1.1 Energy contents of different fuels [31] 
Fuel 
Hydrogen 
Liquefied natural gas 
Propane 
Aviation gasoline 
Automotive gasoline 
Automotive diesel 
Ethanol 
Methanol 
Coke 
Wood (dry) 
Bagasse 
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Energy content (MJ/m3) 
120.0 
54.4 
49.6 
46.8 
46.4 
45.6 
29.6 
19.7 
27.0 
16.2 
9.6 
1.3 Purpose and Procedure of This Study 
The purpose of this study is the application of radio-frequency 
plasma in liquid with and without ultrasonic vibration for hydrogen 
production from saccharides. Due to the energy crisis, severe environmental 
effect from greenhouse gases emission and abundance amount of biomass in 
the universe, the clean and carbon-free energy is a mandatory for future 
sustainable life . Furthermore, there have insufficient fundamental research 
on plasma discharge in liquid by using radio-frequency with and without 
ultrasonic vibration for hydrogen production from biomass-derived 
saccharides. 
In Chapter 2, the potential of biomass-derived hydrogen energy and 
overview of biomass were discussed. Furthermore, the production routes of 
hydrogen production from biomass which were classified as thermo chemical 
conversion and biological conversion, was briefly discussed. 
In Chapter 3, radio-frequency plasma in liquid was used for hydrogen 
production by decomposing glucose solution and cellulose suspension with 
and without ultrasonic irradiation. By applying ultrasonic vibration to a 
liquid, cavitation bubbles, microjets, acoustic streaming or hotspots are 
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generated by the nonlinearity of the sound. It is well-documented that these 
phenomena can enhance chemical reactions, heat transfer and plasma 
generation in a liquid [321 The purpose of this study is to decompose glucose 
solution and cellulose suspension with and without 29 kHz horn ·type 
ultrasonic transducer and 1.6 MHz piezoelectric transducer. The gas 
production rate and enhancement ratio were compared for each device. 
In Chapter 4, the detailed mechanism of decomposition of glucose 
solution by 27.12 MHz radio-frequency in-liquid plasma with and without 
ultrasonic vibration fo1· hydrogen production was investigated. Two types of 
ultrasonic transducers, a lower range frequency, 29 kHz horn-type ultrasonic 
transducer and a higher range frequency, 1.6 MHz piezoelectric transducer, 
were used to irradiate ultrasonic vibration in the solution. In order to clarify 
the mechanism, the spectrum emissions of pure water and glucose solution 
were studied to observe the effectiveness of decomposition process. In 
addition, higher and lower frequency ranges of ultrasonic vibration were 
compared as to their effect on the behavior of hydrogen production rate, 
hydrogen yield, hydrogen purity and hydrogen production efficiency. 
Finally, Chapter 5 describes the summaries of the studies. 
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